BACKGROUND: Abnormal sagittal spinal curvature is associated with pain, decreased mobility, respiratory problems and increased mortality. Time-of-flight technology of the Microsoft Kinect sensor can reconstruct a three-dimensional image of the back quickly and inexpensively. OBJECTIVE: To estimate the extent of the reproducibility of sagittal spine curvature measurement using the Microsoft Kinect sensor. METHODS: Simultaneous measurement of thoracic and lumbar spine using the Microsoft Kinect sensor in 37 participants. Two investigators gave standardised instructions and each captured 3 images. Thoracic kyphosis and lumbar lordosis angle indexes were calculated using maximum height divided by the length.
INTRODUCTION
A surface topography method using the Microsoft Kinect sensor version 2 (Microsoft Corporation, Seattle, Washington, U.S.A) has the potential to improve the ease of measurement, increase accuracy, and provide a robust analysis of spinal curvature for clinicians and researchers. The time-of-flight (ToF) technology of the Kinect sensor V2 reconstructs a three-dimensional image of the back quickly and inexpensively [1] . Kinect sensors are depth cameras that have been used in various commercial and research fields, both in and out of the healthcare scope. Within the area of human movement and posture, it has been used in several different capacities to measure aspects of spinal posture, from the movement analysis of postural control and ergonomic positions to the cosmetic defect of the surface of the back [2] [3] [4] [5] [6] [7] . A number of these studies [2] [3] [4] [5] employed the first version of the Kinect sensor that used structured light to compare the regular geometry of the projected infrared light to the distortion of the light on the object. Several studies have since researched similar areas of spine and posture measurement using the second version of the Kinect sensor which uses a ToF [7, 8] , a fundamentally different technology for surface measurement [9] .
While other studies have used the Kinect sensors to measure topography of the back to estimate the lateral and rotational curvature associated with adolescent idiopathic scoliosis (AIS) [1, 6] , the focus of this study was to examine specifically the spinal curvature in the sagittal plane which is in itself an important outcome to measure and understand due to its numerous health implications. Abnormal sagittal spinal curvature, in particular hyperkyphosis, occurs not only in the kyphoscoliotic population, but also commonly in people with degenerative spinal diseases such as osteoporosis, vertebral fractures and degenerative disc disease, as well as congenital diseases, such as Scheurmann's Disease.
Hyperkyphosis is associated with poor health-related outcomes with the ageing process, such as pain, decreased mobility, respiratory problems, and increased mortality [10] [11] [12] . Because the normative values of sagittal spine alignment are widely defined and morph with the natural course of ageing, the ability to measure change over time is crucial. Older women have been shown to increase kyphosis Cobb angle by a mean of 7 degrees over 15 years [13] . Monitoring sagittal alignment is pertinent as change is more rapid with the progression of degenerative spinal conditions, e.g. osteoporosis and degenerative disc disease. The current gold standard for measuring sagittal spine curvature is the Cobb method using a lateral view spinal radiograph; however its drawbacks include its cost, exposure to ionising radiation, and reliance on the morphology of two vertebral endplates versus the entire spinal shape [14, 15] .
The Kinect sensor offers a non-invasive, non-ionising radiation solution that can measure multiple regions of the spine concurrently and quickly. While the Kinect sensor has been researched for various healthcare applications, the reliability of the Kinect sensor V2 specifically applied to the sagittal plane of the spine in the thoracic and lumbar regions simultaneously has not been researched. The primary aim of this study is to estimate the extent of the reliability and reproducibility of sagittal spinal curvature measurement method using the Kinect sensor.
METHODS

Design
This cross-sectional study was evaluated according to the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) and on the COSMIN pathway for reliability [16] .
Participants
Adults were eligible to participate if they could stand independently and if they had no neurological disorders affecting their posture. There were no exclusion criteria based on existence of abnormal spinal curvature or alignment. All participants provided an informed consent and the study was approved the Oxford Brookes University Faculty Research Ethics Committee in accordance with the Declaration of Helsinki. A sample size calculation for intraclass correlation coefficients with significance level at 0.05, power at 0.80, acceptable reliability at 0.75 and expected reliability at 0.90 required at least 19 participants [17] .
Procedures
Investigator 1 was an experienced musculoskeletal physiotherapist who palpated the participants' spine and placed adhesive markers to identify the specific anatomical landmarks: C7, L1, and right and left posterior superior iliac spine (PSIS) ( Figure 1 ). The spinous process of C7 was identified by palpating the prominent spinous process in the cervicothoracic junction, confirmed by active cervical extension and flexion. The spinous process of L1 was identified by its relationship to L4 which is located horizontal to the level of the iliac crests and two vertebrae superior to the sacral base; after L4 was confirmed, the investigator counted the spinous processes up to L1. Bilateral PSIS locations were identified by surface dimples at the level of S2. Participants were instructed to stand facing away from the sensor with their heels on a line marked one metre from the sensor. The sensor was aligned parallel to the ground and adjusted in height to be level with the participants' mid-scapular region ( Figure 2 ). Both investigators gave instructions for 'best posture' with arm positioning forward with their shoulders and elbows at 90 degrees. Participants stood in their 'best posture' for less than 3 seconds as the image was captured. Between each image capture, the participant was instructed to walk away then return to the same standing position and posture. Investigator 1 captured three images using this procedure and was blinded to the results of each capture. On the same research visit, the second investigator, a non-clinician, who was blinded to previous investigator's results, captured three subsequent images using the same anatomical landmarks previously identified.
Kinect data analysis
The Kinect sensor was used with Kinect Fusion software (Microsoft Corporation, Seattle, Washington, U.S.A). All images were uploaded to MeshLab, a 3D mesh processing open source software system [18] , then processed through a bespoke software programme, Parser (Oxford Metrics plc/Staffordshire University Stanford Polygon PLY, version 2.6) [19] , which required manual identification of the landmarks in order to then obtain coordinates along the spine and subsequently the angle indexes were calculated. The angle indexes were calculated using the length of the target spinal region and the maximum height which is an accepted method widely used with Flexicurve measurement and validated against the Cobb angle [20] , e.g. kyphosis index = ( height / (length from C7 to L1)) x 100; the same method was applied to the lumbar region with the length extending from L1 to bisection of right and left PSIS (Figure 1 ).
Statistical analysis
Data was analysed using SPSS version 24 software (SPSS, Inc., Chicago, Illinois, U.S.A.). Descriptive statistics and reliability coefficients were calculated. Reliability was based on Intraclass Correlation Coefficient (ICC) with 95% confidence intervals; intra-rater reliability was based on a single rater, absolute agreement, two-way mixed effects model (ICC 3,1), and inter-rater reliability was based on a single rater, consistency, two-way random-effects model (ICC 2,1) [21] . Levels of reliability used were: poor reliability is <0.40, moderate reliability is 0.40-0.75, good reliability is 0.75-0.90, and excellent reliability is >0.90 [22] . Standard error of measurement (SEM) and minimal detectable difference (MDD) were determined by the equations: SEM=SD � 1-reliability 2 and MDD=SEM*1.96*√2.
Comparison of multiple means analysed using repeated measures ANOVA (p<0.05). The means of the six images taken were compared. There were no significant differences between the means in the lumbar region, F(3.91,133.01) = 1.566, p = 0.188; however there were significant differences between the means in the thoracic region, F(5,170) = 5.317, p < 0.001 (Table 1) . To look at the differences in the thoracic spine as they related to age and the severity of kyphosis, means within these subgroups showed that in participants who were less than 65 years old or who had normal kyphosis, image captures 1 and 4 were significantly higher than image capture 2 (Figure 3 ). In participants who were 65 years or older or who were hyperkyphotic, there were no significant differences between the means of each capture (Figure 3) . The data were further reformatted to pool the first, second and third images from both investigators (Tables 1-2) in order to determine if posture changed based on the capture order in reference to the introduction of a new investigator. For pooled thoracic data, there was a significant effect between the means, F(1.76,122.86) = 11.257, p < 0.001; the mean of the first images pooled had a significantly larger kyphosis index (p<0.001) compared to the second images and third images ( Table 1) . For pooled lumbar data, there was no statistically significant differences, F(2,140) = 0.004, p = 0.996 ( Table 2 ).
RESULTS
Thirty
The participant-facing time it took for instruction and positioning was less than 30 seconds and actual image capture was three seconds. For each participant, the image capture and analysis all images were less than five minutes.
DISCUSSION
The ICC results show that the Kinect sensor has high intra-rater and inter-rater reliability in the both thoracic and lumbar regions. It was shown to be a quick method, as it took less than five minutes to complete both image capture and analysis of both regions. In any setting, this would be a quick, reliable, and inherently safe non-radiographic method to measure thoracic and lumbar curvature concurrently to use as an outcome measure with a patient-friendly visual representation of the back.
While there have been numerous non-radiological methods developed to measure sagittal plane spinal curvature, most have focused on measuring the thoracic region, some measure the lumbar region, and few measure both regions simultaneously. Commonly used non-invasive measurement methods of thoracic kyphosis, such as the flexicurve and DeBrunner kyphometer, have shown high intra-rater and inter-rater reliability and moderate validity [20, 23] . In the lumbar region, the flexicurve has been shown to have moderate to high reliability and moderate validity [24, 25] . In one study that measured thoracic and lumbar regions concurrently with a flexicurve, the method involved taking a digital picture of the flexicurve against graph paper and manually plotting coordinates from the curve which would be time consuming for a clinician to perform [25] . While modern non-radiographic methods have been developed, such as the SpinalMouse and rasterstereography, cost has been a barrier to the practical constraints of a clinical setting [23] .
While the use of Kinect sensor in AIS populations to measure lateral and rotational curvature has been growing quickly, to date, only one published study has used the Kinect sensor V2 to specifically measure thoracic kyphosis. Quek et al. used the Kinect sensor to measure kyphosis in sitting and standing positions and found good reliability and concurrent validity against the flexicurve (ICC=0.81-0.98) [7] . Their participant population had a mean (SD) age of 31 (11) years and standing kyphosis index mean (SD) of 9.78 (2.4) [7] . Our study found similar reliability values in a population which more closely represents the adult life span, including older adults with degenerative spinal changes. In this study participants averaged 51.7 years old with a kyphosis index mean (SD) of 10.36 (3.2), indicating a larger range in spinal shape and a notably wider diversity in age. A fifth of the participants in our study surpassed the threshold for hyperkyphosis, which is a kyphosis index ≥ 13.1 [10, 26] . With this diverse sample we can expand the generalisability of our results since it is known that adults undergo a natural course of change in sagittal spine curvature in the later decades of life with degenerative spinal diseases furthering the change, as hyperkyphosis is prevalent in 20-40% of older adults [10, 27] .
Understanding the difference between the means of repeated measurements led to a potentially important difference due to degenerative spinal changes. The significant differences between means appeared to be driven by younger adults within normal spinal curvature ranges. This suggests that degenerative changes may limit the variability in 'best posture' possibly due to reduction in spinal mobility, yet the small sample size limits extrapolation of these results. Additionally, analysing the difference between repeated measurements based on the order by pooling the data of the two investigators was important to help identify the best protocol for future use. The data in the thoracic and lumbar regions indicate only one significant mean difference, which was in the thoracic spine during the first image capture, suggesting that the second image capture is more reliable to use. Since taking a second image adds only 15 seconds to the testing time, the method remains a quick execute.
Since the first investigator palpated and identified the anatomical landmarks, these study results focus on the error of the sensor hardware, bespoke software, procedural instructions, and participants' interpretation of 'best posture.' It is known that spinal landmark palpation is variable, even between experienced physiotherapists [28, 29] , therefore removing additional anatomical palpation eliminated error stemming from two investigators' palpation skills. . Innovative research has been conducted to develop automatic estimation of anatomical landmarks which would offer a good solution to error generated from palpation, however further validation for this system is still required [30] .
While the sample size is adequate for ICC analysis of reliability for the full sample, it is not powered to measure differences in subgroups based on age or the degree of curvature, which is a limitation to the study. This study has a more clinically applicable sample population to examine sagittal spine curvature but lacks the large cohort that some studies [6] have used to examine lateral and rotational spinal curvature. With these limitations in mind, the results of this study lay the groundwork to test other aspects of Kinect sensor measurement reliability on the COSMIN pathway, such as test-retest reliability.
Overall, using the Kinect sensor to simultaneously measure thoracic and lumbar curvature in the sagittal plane is a reliable, quick, reproducible method. Since many of the participants had normal spinal alignment, future research should measure a population diagnosed with specific spinal deformity or malalignment and validate this method against the gold standard. (hyperkyphosis ≥ 13.1), the hyperkyphotic group and older adults showed no significant within group differences. With statistical differences denoted by the asterisk signs: adults <65 y.o. showed significant differences between captures 1 and 2 (p=0.045) and captures 2 and 4 (p=0.007); the normal kyphosis group showed difference between the 1st and 2nd captures (p=0.003). 
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